Background. High-pathogenicity avian influenza viruses continue to circulate in poultry and wild birds and occasionally infect humans, sometimes with fatal outcomes. Development of vaccines is a priority to prepare for potential pandemics but is complicated by antigenic variation of the surface glycoprotein hemagglutinin. We report the immunological profile induced by human immunization with modified vaccinia virus Ankara (MVA) expressing the hemagglutinin gene of influenza A(H5N1) virus A/ Vietnam/1194/04 (rMVA-H5).
High-pathogenicity avian influenza A viruses (IAVs) of the H5 subtype continue to cause outbreaks in poultry in various countries. Sporadically, these viruses, particularly subtypes H5N1 and H5N6, infect humans, resulting in disease of variable severity. Since the first case of human infection with IAV subtype H5N1, in 1997 [1] , 859 human cases have been reported as of July 2017, of which 453 had a fatal outcome [2] . In addition, several other H5 IAV subtypes have emerged, including H5N2 [3] , H5N6 [4] , and H5N8 [5] . Recently, mainly the H5N6 and H5N8 subtypes have caused outbreaks in wild birds and poultry in Asia, Europe, and North America. To date, no human infections with H5N8 have been reported, but there is evidence of H5N2 infections in humans [3] . Furthermore, since 2015, severe H5N6 infections in humans have been reported sporadically [4] .
Although IAVs of the H5N1, H5N2 and H5N6 subtypes can infect humans, they are not efficiently transmitted from human to human. However, studies in ferrets have shown that only a limited number of mutations in the genes encoding the viral proteins hemagglutinin (HA) and polymerase subunit PB2 are required to facilitate airborne transmission of H5N1 [6, 7] . If these viruses acquire the capacity to be transmitted from human to human, they can potentially cause a pandemic, because virus-neutralizing (VN) antibodies to these viruses are virtually absent in the human population.
Vaccination is the most important measure to prevent IAV infection. The availability of an effective H5 vaccine would be pivotal in preventing severe disease and mortality in case of a pandemic. A rapid vaccination response could interrupt the transmission chain of H5 viruses; however, the latest IAV pandemic, in 2009, showed that this remains a challenge. Although a mock-up dossier that allows for fast-track licensing of inactivated influenza vaccines has been drafted in Europe [8] , vaccines became available too late in most countries during this pandemic [9] . In addition to problems with production and distribution of sufficient vaccine doses during the earliest stages of an outbreak, conventional H5N1 vaccine formulations suffer from intrinsically low immunogenicity, compared with seasonal influenza vaccines. To overcome this problem, repeated vaccinations, increased antigen doses or use of adjuvants are required [10] . Furthermore, H5 vaccine development is complicated by the genetic diversification of H5 viruses into various clades and subclades, leading to increasing antigenic diversity of HA [11] . Collectively, this illustrates the need for novel (pre-) pandemic H5 vaccines that can be produced rapidly on a large scale and ideally confer broad protection against antigenically distinct H5 viruses.
Vector-based H5 influenza vaccines, such as those based on modified vaccinia virus Ankara (MVA), potentially fulfill the needs described above. Since generation of recombinant MVA (rMVA) by insertion of genes encoding antigens of interest into the viral genome is relatively easy, rMVA vaccine candidates have been developed for numerous infectious diseases, including influenza [12] . rMVA drives endogenous antigen production in cells infected by the vector, leading to efficient antigen processing and presentation and, subsequently, to induction of antigen-specific B-and T-cell responses. Furthermore, many viral vectors, including MVA, allow for rapid and large-scale production of vaccine doses. MVA has an excellent safety record, as was demonstrated in various animal models [12] and in >100 000 individuals [13] .
Previously, rMVA expressing the HA gene of the clade 1 IAV A/Vietnam/1194/04 (VN/04; rMVA-H5) was generated and proved to be safe and immunogenic in preclinical studies [14, 15] , offering protection from either a lethal homologous or heterologous challenge infection [14] . Subsequently, rMVA-H5 was assessed in a double-blinded phase 1/2a clinical trial and proved to be safe in humans [16] . The immunogenicity of rMVA-H5 was solely assessed by assays to detect hemagglutination-inhibiting (HI) and VN antibodies against the homologous virus and the following 2 heterologous viruses: clade 2.1 A/Indonesia/5/05 (IND/05) and clade 2.3.4.4 H5N8 A/chicken/Netherlands/EMC-3/14 (ch/H5N8/14) [16, 17] . To achieve broadly protective immunity by vaccination, induction of correlates of protection other than HI and VN antibodies are considered essential [18] . Here, we report a detailed analysis of (non)neutralizing antibody and T-cell responses induced by immunization of humans with rMVA-H5, with emphasis on cross-reactivity with H5 viruses of currently circulating antigenically distinct clades.
METHODS

Ethics Statement
The study design was reviewed and approved by the Dutch Central Committee on Research Involving Human Subjects, as described previously [16] .
Study Design
The randomized, double-blind phase 1/2a study was conducted at the Erasmus MC, Rotterdam, the Netherlands [16] . Seventy-nine healthy adult volunteers were included in the study. Individuals were randomly assigned to 1 of 8 groups on the basis of the number of immunizations (1 or 2), the immunization dose (10 7 Immunizations were administered as intramuscular injections during the first (week 0) and second (week 4) visit. Blood samples were obtained before and 4 and 8 weeks after the initial immunization. To assess whether the H5-specific immune response could be boosted by an additional immunization, 27 individuals who received the rMVA-H5 vaccine during the main study received an additional immunization 1 year after the first immunization (ie, during week 52). Blood specimens were collected at weeks 52, 56, and 72. Serum and peripheral blood mononuclear cells (PBMCs) were obtained as described previously [16] .
Protein Array Assay
Sera were probed for the presence of antibodies directed to a large panel of antigens by a protein array assay as described previously [19] . Protein array titers against 18 different H5 antigens were determined, in addition to an H1 and H3 antigen, using recombinant HA1 protein (containing mainly the globular head and part of the stem) from various IAVs (Table 1) .
Phylogenetic Analysis
Phylogenetic trees of IAVs were constructed on the basis of nucleotide sequences encoding the HA1 unit of HA. Multiple sequence alignment was performed using the MUSCLE algorithm integrated into MEGA 6.06. The phylogenetic tree was drawn according to the maximum likelihood method, using the best-fit model, in MEGA 6.06. Bootstrap analyses with 1000 resamplings were performed to determine confidence values for groupings within the phylogenetic tree. The tree was visualized in FigTree, version 1.3.1.
Detection of HI and VN Antibodies
Sera were thawed and HI and VN antibody titers against 6 different viruses (VN/04, IND/05, BANG/13, Egypt/14, H5N6/14, and ch/H5N8/14; Table 1) were determined as described previously [16, 20] . All VN assays were performed simultaneously, with the exception of analysis of VN antibodies to ch/H5N8/14, which was performed separately. H5 viruses used were obtained by reverse genetics and contained the HA gene segment only (Egypt/14 and BANG/13) or the HA and the neuraminidase gene segments with the remaining 7 or 6 gene segments of IAV A/Puerto Rico/8/34. None of the viruses contained a multibasic cleavage site. Sera from uninfected ferrets or ferrets inoculated with the homologous H5 viruses were included as negative and positive controls, respectively.
Antibody-Dependent Cellular Cytotoxicity (ADCC) Assay
A solid-phase ADCC assay was performed as described previously [21] , using full-length recombinant HA to detect the presence of ADCC-mediating antibodies specific for VN/04 and IND/05 (Table 1) .
Interferon γ (IFN-γ) Enzyme-Linked Immunospot (ELISpot) Assay
VN/04 and ID/05 HA-specific IFN-γ responses were assessed in PBMCs collected at week 0, 4, 8, 52, and 56 by performing an ELISpot assay according to the manufacturer's instructions (Mabtech). Briefly, PBMCs were thawed, seeded into 96-well round-bottomed plates at 125 000 cells/well (fewer cells were used if necessary), and stimulated overnight with 500 ng of fulllength recombinant HA per well (Protein Sciences; Table 1 ). These antigen-presenting cells were subsequently cocultured with autologous, unstimulated PBMCs in a 1:1 ratio for 22-24 hours. The average number of spots per 125 000 responder cells cultured in triplicate was determined using a CTL Immunospot reader with CTL Biospot software.
CD137 Expression on T Cells
PBMCs collected at weeks 0, 4, 8, 52, and 56 were thawed and seeded into 96-well round-bottomed plates at 200 000 cells/ well. Cells were stimulated for 20 hours with 1 μg of full-length recombinant HA from IAV VN/04 or IND/05 per well (Table 1) . Cells were stained with CD3 APC-Cy7 (Biolegend), CD4 PerCP (Becton Dickinson), CD8 PE-Cy7 (eBioscience), and CD137 PE (Miltenyi Biotec); acquired on a FACS Canto II; and analyzed using DIVA software (BD Biosciences).
Statistical Analysis
All rMVA-H5 vaccinated individuals were initially analyzed as a single group, despite different dosing regimens. For ELISpot analysis and assays to detect HI and VN antibodies, ADCC, and CD137 expression, a normal distribution was not demonstrated by the D' Agostino Pearson normality test. The Friedman test was therefore used to evaluate paired samples. Additionally, different treatment groups were compared using a KruskalWallis test (distributions were nonnormal among HI and VN antibody, ELISpot, and ADCC data for weeks 52, 56, and 72) or a 1-way analysis of variance (distributions of ADCC data were normal for weeks 0, 4, and 8).
RESULTS
H5-Specific Antibodies Induced by rMVA-H5 Immunization Showed Broad
Reactivity
The profile of antibody binding to HA1 derived from 18 different H5 IAVs of various clades was determined by a protein array assay. HA1 derived from sH1N1 and sH3N2 IAVs were included on the array as controls, and reactivity to these antigens was similar between all groups and time points ( Figure 1A ). H5-specific antibodies were only detected at a background level before vaccination, but H5-specific antibodies were readily detected at week 8, particularly in subjects who received 2 high-dose immunizations (10 8 PFU each). H5-specific antibodies were still detectable at week 52, albeit at lower titers and only in recipients of 10 8 PFU of rMVA-H5. Interestingly, 4 weeks after the booster immunization, H5-binding antibodies were detected in all subjects ( Figure 1A ). In subjects who received the low vaccine dose (ie, 10 7 PFU), antibody levels waned but remained detectable 20 weeks after the booster (ie, on week 72). In contrast, high levels of H5-specific antibodies were detected in subjects immunized with a high dose ( Figure 1A ). Antibodies induced by rMVA-H5 bound not only to HA1 of the homologous IAV strain VN/04, but also to virtually all other H5 antigens tested ( Figure 1A ). In general, the H5 antibody binding profiles could be subdivided into 2 clusters; antibody responses against 13 H5 antigens from various clades showed a binding profile similar to that of the homologous VN/04 antigen. Weaker antibody binding to the HA1 from VN/08, tu/H5N8/14, H5N3/07, and Egypt/08 was observed ( Figure 1A ). Genetic relationships between the antigens used in various assays were determined by performing a phylogenetic analysis based on the HA1 domain of the gene encoding IAV HA ( Figure 1B) . Among the H5 viruses, the 2 low-pathogenicity avian influenza viruses clustered separately, whereas all high-pathogenicity avian influenza H5 viruses clustered together as expected to their respective clades. Notably, the 2 antigenic clusters determined by a protein array assay ( Figure 1A) were not necessarily defined by differences in genetic clades ( Figure 1B) . Collectively, antibody responses induced by rMVA-H5 immunization showed strong cross-reactivity to H5 viruses from antigenically and genetically diverse clades.
rMVA-H5 Induced Cross-reactive HI and VN Antibodies Against H5N1,
H5N6, and H5N8 IAVs
To test the functionality of rMVA-H5-induced cross-reactive antibodies, sera collected at week 56 were used in HI (Figure 2A) and VN ( Figure 2B ) antibody assays. Antibody titers were never detected using control serum from an uninfected ferret, whereas control sera from ferrets infected with the homologous virus showed a positive response (data not shown). Antibody reactivity with the homologous strain, VN/04, and the heterologous strains, IND/05 and ch/H5N8/14, was tested previously [16, 17] and was confirmed in the present study. In addition, the activity against Egypt/14 and BANG/13, which are among the H5N1 vaccine strains selected by the World Health Organization on the basis of current circulation data, and H5N6/14 (recently causing human infections) was tested.
HI antibodies specific for the homologous VN/04 virus were detected, which displayed considerable cross-reactivity with the IND/05 and Egypt/14 viruses. Cross-reactivity with the viruses BANG/13, H5N6/14, and ch/H5N8/14 was observed to a lesser extent (Figure 2A ). Although differences between treatment groups were not statistically significant, study subjects who received a high vaccine dose displayed the highest HI antibody titers.
Similar findings were obtained in the VN antibody assay performed with the same 6 IAVs ( Figure 2B Figure 2B ). Taken together, serum antibodies induced by immunization with rMVA-H5 are broadly reactive and display cross-neutralizing capacity.
rMVA-H5 Immunization Induced ADCC-Mediating Antibodies
Sera from vaccinated individuals were tested for the presence of ADCC-mediating antibodies. ADCC activity was never observed, based on analysis of control sera obtained from rMVA-F6 immunized individuals ( Figure 3A and 3B) . A single immunization with rMVA-H5 induced a significant rise in ADCC activity against HA of the homologous virus, VN/04 ( Figure 3A) , and also the heterologous virus IND/05 ( Figure 3B ), albeit to a lower extent. The level of ADCC-mediating antibodies was not boosted by a second immunization and was maintained until week 8. Levels of ADCC-mediating antibodies waned at week 52 but were still significantly higher than those at week 0 for the homologous strain, VN/04. Four weeks after the booster immunization (ie, during week 56), ADCC activity substantially increased and showed limited waning over the following 20 weeks (ie, through week 72; Figure 3A) . The ADCC-mediating antibody responses were comparable between the vaccine groups, regardless of the dose and number of immunizations the subjects received. The ADCC response to HA of VN/04 and IND/05 correlated significantly, confirming the cross-reactivity of the ADCC antibody response ( Figure 3C ). 
rMVA-H5 Immunization Induced HA-specific T-cell Responses
Induction of HA-specific T-cell responses was assessed by an IFN-γ ELISpot assay, using PBMCs obtained at specified time points. As expected, H5-specific T cells were not detected prior to immunization with rMVA-H5, with the exception of 1 subject ( Figure 4A A, Reciprocal HI antibody titers obtained by a 2-fold serum dilution series. Sera without HI antibody activity or a HI antibody titer of 10 were assigned a titer of <10. *P < .0001 as compared to the reference virus, VN/04 and BANG/13. B, Reciprocal VN antibody titers obtained by a 2-fold serum dilution series, incubated with 1000 PFU of influenza virus. Sera without VN antibody activity were set at a titer of <5. **P = .0036 and ****P < 0001, compared with the reference virus, VN/04. The key indicates the treatment groups; geometric mean titers are displayed as bars. Assays were performed at least 2 times, and representative results of the assays are shown.
mock stimulation. After the booster immunization, the number of H5-specific T cells increased, and substantial cross-reactivity was observed. A trend toward stronger T-cell responses in study subjects who received the high dose of rMVA-H5 was detected at weeks 52 and 56 ( Figure 4A and 4B) . In addition to detection of IFN-γ production by an ELISpot assay, antigen-specific T-cell activation at week 56 was measured by flow cytometry after in vitro stimulation, to determine the magnitude of CD137 induction. Compared with mock-stimulated PBMCs, a significant increase in CD137-expressing CD4 + and CD8 + T cells was detected after stimulation with HA from either VN/04 or IND/05 ( Figure 4C-F) .
DISCUSSION
In this study, we performed a comprehensive immunological analysis of samples obtained during a phase 1/2a clinical trial [16] of a (pre-)pandemic H5 vaccine based on the replication-deficient viral vector MVA. Broad reactivity of antibody responses induced by rMVA-H5 was initially demonstrated by a protein array assay. This technique is valuable, since it allows detection of antibody responses against a large panel of antigens in a high-throughput fashion with minute amounts of serum. However, the assay was not designed to detect antibodies to the conserved HA stalk, since only the HA1 subunit was used for coating slides and therefore, antibodies to the variable head domain were predominantly detected. Nevertheless, induction of cross-(sub)clade antibodies recognizing the HA head of the homologous vaccine strain (clade 1) and of viruses belonging to clades 0, 1. 3.4.4, 2.5, 4, and 7 was detected by a protein array assay. The reactivity detected by the protein array assay did not necessarily reflect genetic H5 clades, indicating that there is a clear distinction between antigenic and genetic differences. Broadly reactive antibodies were predominantly detected after the booster immunization. These results correspond well to data from the original study [16] , which showed that low levels of HI and VN antibodies were induced after the first and second immunization and that the booster immunization at week 52 resulted in a major increase in antibody titers.
The functional activity of rMVA-H5-induced antibodies was confirmed using a selection of viruses. For conventional inactivated influenza vaccines, an HI titer of ≥40 is considered to provide protection in vivo [22] . In this study, induction of neutralizing antibodies against the homologous VN/04 virus and the heterologous IND/05 and ch/H5N8/14 viruses by rMVA-H5 immunization was observed, as was described previously [16, 17] . In addition, cross-neutralization against a recently emerged H5N6 virus and 2 H5N1 vaccine strains selected by the World Health Organization on the basis of current circulation data was observed here. Collectively, these data demonstrate that rMVA-H5 immunization induces antibodies that are capable of neutralizing recently emerged high-pathogenicity avian influenza A virus subtypes H5N1, H5N6, and H5N8. Antibodies directed to antigenic sites in proximity of the receptor-binding site have the capacity to directly neutralize IAVs. In addition to neutralization, virus-specific antibodies, particularly IgG1 and IgG3, can have other modes of action, such as ADCC [23, 24] . The ADCC response against IAV is mainly mediated by the interaction between the Fc region of virus-specific antibodies and Fcγ-receptor IIIα (FcγRIIIα [CD16]), present on natural killer cells. It was recently shown that particularly antibodies specific to the HA stalk are capable of mediating ADCC [25] [26] [27] . Since the HA stalk is conserved among different subtypes of IAVs, ADCC-mediating antibodies may contribute to broadly protective immunity [28, 29] . Here, ADCC-mediating antibodies against the homologous virus were detected. Although sera were tested against only a single heterologous H5N1 IAV, cross-reactive ADCC-mediating antibodies were detected in this study after a single vaccination with rMVA-H5. This rapid onset, compared with that of HI or VN antibodies, can be explained by the boosting of preexisting ADCC-mediating antibodies specific to the HA stalk of seasonal IAVs.
In addition to antibody responses, efficient induction of T-cell responses specific to the homologous VN/04 and a single heterologous IND/05 IAV by rMVA-H5 immunization was observed by IFN-γ ELISpot analysis and CD137 flow cytometry. H5-specific T-cell responses were low after the initial immunizations, but they were readily detected directly before and after the booster immunization 1 year later, particularly in subjects who received 2 previous immunizations and/or a vaccine dose of 10 8 PFU. In summary, we showed that rMVA-H5 efficiently induced humoral and cellular immune responses in humans that displayed remarkable cross-reactive responses to H5 viruses of various clades. Cross-reactivity was especially demonstrated by protein array, HI antibody, and VN antibody assays, but cross-reactive ADCC-mediating antibodies and T-cell responses recognizing a limited number of heterologous viruses were also observed. One or 2 immunizations with rMVA-H5 at a 4-week interval induced moderate immune responses, but primed individuals showed potent cross-reactive H5-specific antibody and T-cell responses upon booster immunization administered after 1 year. Therefore, priming of immunologically naive individuals by prepandemic immunization with rMVA-H5 and subsequent boosting after the emergence of a pandemic H5 virus seems an attractive approach in the face of a pandemic outbreak with these viruses.
